Parity violating effects for low energy elastic neutron deuteron scattering are calculated for DDH and EFT-type of weak potentials in a Distorted Wave Born Approximation, using realistic hadronic strong interaction wave functions, obtained by solving three-body Faddeev equations in configuration space. The results of relation between physical observables and low energy constants can be used to fix low energy constants from experiments. Potential model dependencies of parity violating effects are discussed.
I. INTRODUCTION
The study of parity violating (PV) effects in low energy physics is a very sensitive tool to test methods of calculations both of weak and strong interactions in the Standard model. This also can be a way to search for a possible manifestations of new physics resulted in deviations from unambiguous and precise calculations of PV effects and experimental measurements. However, to use this approach, it is crucial to prove that implemented theoretical techniques are sufficient to describe experimental data with high accuracy which exceeds experimental accuracy. There is a large amount of experimental data for different PV effects in nuclear physics, each of which in general agrees with theoretical predictions. However, in the last years it became clear (see, for example [1] [2] [3] [4] and references therein) that the traditional DDH [5] method for calculation of PV effects cannot reliably describe the whole available set of experimental data within the same set of parameters. If this is not the manifestation of new physics, which is very unlikely for the current accuracy of experimental measurements and theoretical calculations, then this discrepancy could be blamed on systematic errors in experimental data, theoretical uncertainties in calculations of strong interactions at low energy, or it might be that DDH approach is not adequate for the description of the set of precise experimental data because it is based on a number of models and assumptions. To resolve this discrepancy and to eliminate nuclear model dependent factors in calculations, it is necessary to focus on the analysis of new and existing experimental data for different PV parameters in few-body systems, where calculations of nuclear related effects can be done with a high precision. Recently new approach, based on the effective field theory (EFT), has been introduced for a model independent parametrization of PV effects (see, papers [1, 4] and references therein), and some calculations for two-body systems have been done [6] . The power of the EFT approach for parametrization of all PV effects in terms of a small number of constants could be utilized if we can analyze a large enough number of PV effects to be able to constrain all free parameters of the theory which are usually called low energy constants (LEC). Thus, one can guarantee the adequate description (parametrization) of the strong interaction hadronic parts and weak interaction constants for symmetry violating observables. Unfortunately, the number of experimentally measured (and independent in terms of unknown LECs) PV effects in two body systems is not enough to constrain all LECs. In spite of the fact that five independent observable parameters in a two body system could fix five unknown PV LECs [7] [8] [9] [10] , it is impossible to measure all of them using existing experimental techniques. Therefore, one has to include into analysis few-body systems and even heavier nuclei, the latter of which are actually preferable from the experimental point of view, because as a rule, the measured effects in nuclei are much larger than in nucleon-nucleon system due to nuclear enhancement factors [11] [12] [13] .
The natural and unambiguous way to verify the applicability of the EFT for the calculation of symmetry violating effects in nuclear reactions requires a development of a regular and self consistent approach for calculation of PV amplitudes in three-body (few-body) systems [14] , with a hope to extend the formalism for the description of many body systems.
This systematic approach for the solution of three-body PV scattering problem in EFT framework [14] requires additional numerical efforts and will be presented elsewhere. As a first step for the clarification of the possible difference in contributions to PV effects from DDH and EFT-type potentials, one can use a "hybrid" method (similar to the method used in paper [15] ) for the simplest process of neutron-deuteron scattering. We calculate threebody wave functions with realistic Hamiltonians of strong interaction using exact Faddeev equations in configuration space, and then, calculate PV effects in the first order of perturbation with DDH potential and potentials derived in EFT formalism. In the next section, we present our formalism for the calculation PV effects for elastic neutron-deuteron scattering with different set of nucleon weak potentials, with DDH and weak potentials obtained from pionless and pionful EFTs. Then, we present results of numerical calculations and discussions.
II. FORMALISM
We treat weak nucleon interactions as a perturbation and calculate three-body wave functions exactly using Faddeev equations with phenomenological potentials for strong interactions. Similar hybrid approach has been successfully applied to the weak and electromagnetic processes involving three-body and four-body hadronic systems [16] [17] [18] [19] [20] [21] . We consider three types of parity violating potentials. The first one is the standard DDH potential which is based on meson exchange mechanism of nucleon-nucleon interactions. The second and third potentials are derived from pionless and pionful versions of effective field theory with parity violating hadronic interactions. Instead of calculating parity violating amplitudes by summing PV diagrams in EFT, we use these potentials to calculate PV effects. This is a simplification, which we call a "hybrid" approach.
A. Observables
Since PV effects in neutron-deuteron system are very small, we consider only coherent processes which are related to the propagation of neutrons through unpolarized deuteron target and, therefore, do not have an additional suppression in low energy region. Then, two PV observable parameters are the angle φ of rotation of neutron polarization around neutron momentum and the relative difference of total cross sections P = (σ + − σ − )/(σ + + σ − ) for neutrons with opposite helicities. The value of the angle of neutron spin rotation per unit length of the target sample can be expressed in terms of elastic scattering amplitudes at zero angle for opposite helicities f + and f − as
where N is a number of target nuclei per unit volume and p is a relative neutron momentum.
Using optical theorem, one can write the relative difference of total cross sections P in terms of these amplitudes as
It is convenient to represent the amplitudes in terms of matrixR which is related to scattering matrixŜ asR =1 −Ŝ. With partial waves decomposition for the case of neutron-deuteron scattering
where l y is an orbital angular momentum between neutron and deuteron, S is a sum of neutron spin and deuteron total angular momentum, and J is the total angular momentum of the neutron-deuteron system, the above equations can be written at low energies as Nucleon-nucleon interaction can be written as a sum V = V pc + V pv of the parity conserving (V pc ) and weak parity violating (V pv ) terms. Due to the weakness of parity violating interaction, one can use Distorted Wave Born Approximation (DWBA) to calculate PV amplitudes with a high level of accuracy as
where µ is a neutron-deuteron reduced mass and |Ψ, (l
pc are solutions of 3-body Faddeev equations in configuration space for parity conserving strong interaction Hamiltonian, defined by V P C and normalized as described in section II C. The factor i −l ′ y +ly in this expression is introduced to match the R-matrix definition in the modified spherical harmonics convention [22] with the wave functions which are calculated in this paper using spherical harmonics convention.
In the rest of the paper, we use only wave functions calculated for parity conserving potentials and, therefore, will omit subscript P C.
As will be explained in section II C, we use jj-coupling scheme (with a basis states |l y j y ) when solving Faddeev equtions. One can transform jj-basis states into l y S-basis by means of
One interesting observation is that the neutron spin rotation, as well as parameter P, in |l y j y basis involves potential matrix elements only between j y = 1 2 states.
It should be noted that at low energy the Im(R
, and thus the expression eq.(4) for the angle φ of neutron spin rotation is finite and well defined in the zero energy limit of the n-d scattering. Numerically, it is calculated by evaluating expression
y S ′ ,lyS ) at low energy, and thus the real part of this quantity vanishes in the zero energy limit. Therefore, the parameter P is calculated at 15 KeV neutron kinetic energy in the laboratory system, where both imaginary and real parts of the R-matrix elements become comparable in magnitude and thus can be discerned numerically.
B. The parity violating potentials
To understand the possible difference in the description of parity violating effects by DDH and EFT-type for potentials, we compare calculations with the DDH potential [5] and two different choices of EFT potentials: the potential derived from pionless EFT lagrangian [1] and the potential derived from pionful EFT Lagrangian [1] . It was shown [15] that all these three potentials can be expanded in terms of a set of O (n) ij operators as
ij , α = DDH or pionless EFT or pionful EFT (8) with parameters c α n and operators O (n) ij given in the Table I . One can see that operators O (n) ij are products of isospin, spin, and vector operators X (n) ij,± defined as
where
For the DDH potential, radial functions f x (r), x = π, ρ, and ω are modified Yukawa functions, 
For pionless EFT ( πEFT) one, f n (r) are described by single function f µ (r),
with µ ≃ m π .
For the case of pionful EFT model (πEFT), there are long range interactions from one pion exchange(V −1,LR ) and from their corrections (V 1,LR ), middle range interactions due to two pion exchange (V 1,M R ), and short range interactions (V 1,SR ) due to nucleon contact terms. The radial part of the leading term of long range one pion exchange, V −1,LR , is described by the function f π (r). Since one-pion exchange contribution is dominated by long range part, we do not use a regulator for it, i.e. we assume that the long range interactions have the same radial functions f π (r) as DDH potential with infinite cutoff. The short range interaction V 1,SR in pionful theory has the same structure as for pionless EFT; however, in spite of the structural similarity, their meanings are rather different. One can ignore the higher order corrections of long range interactions, V 1,LR , because they can either be absorbed by renormalization of low energy constants [6] or suppressed. The middle range interactions V 1,M R are described by functions L(q) and H(q) in momentum space
where,
To calculate two pion exchange functions (divergent at large q) in spacial representation , we use regulators
For the sake of simplicity, we use only one cutoff parameter with the same regulator, both for middle range and for short range interactions. Then, one can write
In the given representation, coefficients c To see a sensitivity to the choice of cutoffs for parity violating potentials, we used two set of cutoff parameters for each models, which are listed in the Table II. Using the discussed above three potentials, one can represent parity violating amplitudes as a linear expansion in terms of given set of matrix elements for corresponding operators O (n) ij . Thus, the angle of neutron spin rotation can be written as
and the parameter P as
in terms of coefficients I 
where (ijk) are particle indices, H 0 is kinetic energy operator, V ij is two body force between particles i, and j, ψ k = ψ ij,k is Faddeev component.
The wave function in Faddeev formalism is the sum of three Faddeev components,
Using relative Jacobi coordinates x k = (r j − r i ) and
), one can expand these Faddeev components in bipolar harmonic basis:
where index α represents all allowed combinations of the quantum numbers presented in the brackets: l x and l y are the partial angular momenta associated with respective Jacobi coordinates, s i and t i are the spins and isospins of the individual particles. Functions F α (x k , y k ) are called partial Faddeev amplitudes. It should be noted that the total angular momentum J as well as its projection M are conserved, but the total isospin T of the system is not conserved due to the presence of charge dependent terms in nuclear interactions.
Boundary conditions for Eq. (16) can be written in the Dirichlet form. Thus, Faddeev amplitudes satisfy the regularity conditions:
For neutron-deuteron scattering with energies below the break-up threshold, Faddeev components vanish for x k → ∞. If y k → ∞, then interactions between the particle k and the cluster ij are negligible, and Faddeev components ψ i and ψ j vanish. Then, for the component ψ k , which describes the plane wave of the particle k with respect to the bound particle pair ij,
where deuteron, being formed from nucleons i and j, has quantum numbers s For the cases where Urbana type three-nucleon interaction (TNI) is included, we modify the Faddeev equation (16) into
by noting that the TNI among particles ijk can be written as sum of three terms:
D. Evaluation of matrix elements
Due to anti-symmetry of the total wave function in isospin basis, one has Ψ|V 12 + V 23 + V 31 |Ψ = 3 Ψ|V ij |Ψ for any pair i = j.
Using decomposition of momentum p,
we can represent general matrix elements of local two-body parity violating potential operators as
where (±) means outgoing and incoming boundary conditions andX(x) is derivative of scalar function or derivative of wave function with respect to x. (Note that we have used the fact that (
.) The partial amplitudes F i(f ),α (x, y) represent the total systems wave function in one selected basis set among three possible angular momentum coupling sequences for three particle angular momenta:
The "angular" part of the matrix element is
where Y α (x,ŷ) is a tensor bipolar spherical harmonic with a quantum number α. One can see that operators for "angular" matrix elements have the following structure:
where ⊙, ⊚ = ±, ×. The explicit values of these matrix elements are summarized in the appendix.
III. RESULTS AND DISCUSSIONS
As it was mentioned in the previous section, because of low energy property of R J α ′ α , it is convenient to present results for elements R J l ′ y ,ly in terms of a ratio,
For the case of parity violation, we fix l ′ y = 1 and l y = 0. To obtain the observable parameters when neutron energies are larger than thermal ones (which correspond to zero energy limit for neutron spin rotation), one can use a simple extrapolation based on the above representation with a good accuracy up to hundreds KeV.
The contributions to parity violating matrix elements
from different terms of parity violating potentials (see Table I ) are presented in the Table III. These matrix elements were calculated using strong AV18+UIX and weak DDH-II parity violating potentials for the case of low neutron energies (up to thermal ones). From this table, one can see that as strong potential and DDH-II as parity violating potential. Matrix elements of n = 6, 7 are zero due to of isospin structure. the main contribution to PV effects comes from J = 3/2 channel for the "best values" of DDH coupling constants.
Our results for the angle of neutron spin rotation for DDH, pionless EFT, and pionful EFT weak interaction potentials with different sets of parameters are summarized in Tables   IV,V , and VI. For these calculations, we used two types of strong interacting potentials:
Argonne two nucleon interaction AV18 and inclusion of Urbana IX three nucleon interaction, AV18+UIX. One can see that these results practically do not depend on a choice of the strong interaction potential. Also, it is clear that the matrix element related to pion-exchange (n = 1) is dominant for DDH potential, slightly enhanced for pionfull potential, and about equal to other ones for pionless potential.
The neutron spin asymmetry P was calculated for laboratory neutron energy E = 15
KeV. The results are summarized in tables VII, VIII, and IX for DDH, pionless EFT, and pionful EFT weak interaction potentials with different sets of parameters, correspondingly.
These results provide a pattern similar to that of the results for the angle of neutron spin rotation. The parameter J n in these tables is defined as
and is related to the parameterĨ n in the expression P = c nĨn bỹ where σ tot is the total n − d cross section. The total cross section σ tot can be calculated, or one can use its known experimental value.
From the presented data, one can see that the results of our calculations are only slightly different for the cases when we use AV18 and AV18+UIX strong Hamiltonians. This indicates stability of the results with respect to the three nucleon forces. Indeed, by analyzing the DDH one-pion exchange matrix element (see Table III ), one can see that for DDH-I with potentials AV18 and AV18+UIX, the contributions to the I n=1 are −0.180 × 10 +01 and −0.333 × 10 +01 for doublet channel (J = 1/2), and for the quartet channel (J = 3/2) they are 0.630 × 10 +02 and 0.630 × 10 +02 , correspondingly. The quartet channel is dominated by the repulsive and long-range part of the strong interactions, but the doublet channel is defined by attractive part. Therefore the quartet channel is less sensitive to the off-energy shell structure of the strong interactions compared to the doublet channel. Then, due to the dominant contribution from the quartet channel, the net result turns to be rather independent on the contribution from three nucleon forces. This fact demonstrates the independence of our results on models of strong interactions. However, further investigations with different strong interaction potentials are desirable.
It should be noted, that the dependence on cutoff parameters for the contributions from potentials with short and middle range interactions, even though it appears large, does not lead to cutoff dependence for the observable parameters. Indeed, the renormalization of low energy constants would cancel those cutoff dependencies by the cutoff dependencies of LECs. Therefore, as a result, calculated PV observables are practically cutoff independent.
All these tables present information about contributions of different PV operators to PV effects, provided we know corresponding weak coupling constants. Then, to calculate parity violating effects, we can use either DDH potential or one of the considered EFT potentials.
However, for the case of EFT potentials, we need to know a set of LECs which cannot be calculated in the given theoretical framework but must be obtained from a number of inde- pionful EFT, the situation with determination of LECs is even worse. Therefore, it is impossible to make reliable predictions for PV effects using EFT-type potentials at this time, and the only reasonable way to estimate magnitudes of PV effects is to use the DDH potential.
Taking into account the difficulty of the systematic description of PV effects using "standard" DDH potentials (see discussions in the introduction), we estimate PV effects using the DDH potential for different sets of weak coupling constants: both for the "best value" coupling constants and for two possible sets of the values of the coupling constants recently obtained by Bowman [25] from the fit of reliable existing experimental data (see Table X ).
The results for these three sets of weak coupling constants are summarized in Tables XI and   XII for the angle of spin rotation and for neutron spin asymmetry, correspondingly. One can see that in contrast to the fact that the one-pion exchange dominates in the DDH-"best" coupling parameter set, the rho meson exchange dominates in the case of Bowman's coupling parameter set. One can see that the angle of neutron spin rotation has almost the same magnitude for all three sets of parameters, but it has opposite signs for the "best value" set and for the Bowman's fits. The neutron spin asymmetry does not only have opposite signs but also essentially different values for these two choices of parameters. This allows Finally, we would like to mention that our results are quite different from the results obtained in paper [15] . For example, in paper [15] , the values of I n for J = the same signs for operator with n = 1, but our results show opposite signs for these matrix elements. Another discrepancy is related to the systematic difference between the values of matrix elements calculated [15] for AV18 and AV18+UIX potentials, which indicates a large wave function difference for AV18 and AV18+UIX potentials. Contrary to those, our results
show that these matrix elements are insensitive to the presence of the three nucleon force.
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IV. CONCLUSION
We have calculated parity violating angle of neutron spin rotation and asymmetry in transmission of neutrons with opposite helicities for low energy neutron deuteron scattering.
Using Distorted Wave Born Approximation for weak interactions with realistic three-nucleon wave functions from Faddeev equations in configuration space, we have parameterized PV observables in terms of matrix elements presented in the DDH weak potential and in weak potentials derived from pionless and pionful EFTs. It is shown that our results practically do not depend on the choice for strong interaction potentials and on cutoff parameters.
Based on the given analysis, one can see that for DDH potential, the dominant contribution to observable PV effects comes from the pion-exchange matrix element with n = 1.
However, for pionless EFT potential, all types of matrix elements contribute almost equally, and for pionful EFT potential the pion-exchange matrix element is sightly enhanced as compared to the other ones. Therefore, it would be interesting to compare the estimation of observable PV effects using appropriate LECs and coupling constants for DDH. Unfortunately, due to insufficient data for LECs this is impossible at this time. However, a comparison of PV effects for two different sets of coupling constants shows that n−d scattering experimental results can be used to distinguish between different sets of DDH coupling constants and to help in clarification of the issue about the importance of the contribution of pion-exchange weak potential.
